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Abstract

Hydrogen sulfide (H2S) is a colorless, water soluble, flammable gas that has the characteristic smell of rotten
eggs. Like other members of the gasotransmitter family (nitric oxide and carbon monoxide), H2S has tradi-
tionally been considered to be a highly toxic gas and environmental hazard. However, much like for nitric oxide
and carbon monoxide, the initial negative perception of H2S has evolved with the discovery that H2S is produced
enzymatically in mammals under normal conditions. As a result of this discovery, there has been a great deal of
work to elucidate the physiological role of H2S. H2S is now recognized to be cytoprotective in various models of
cellular injury. Specifically, it has been demonstrated that the acute administration of H2S, either prior to
ischemia or at reperfusion, significantly ameliorates in vitro or in vivo myocardial and hepatic ischemia-
reperfusion injury. These studies have also demonstrated a cardioprotective role for endogenous H2S. This
review article summarizes the current body of evidence demonstrating the cytoprotective effects of H2S with an
emphasis on the cardioprotective effects. This review also provides a detailed description of the current signaling
mechanisms shown to be responsible for these cardioprotective actions. Antioxid. Redox Signal. 12, 1203–1217.

Introduction

Gaseous signaling molecules (i.e., nitric oxide, carbon
monoxide, and hydrogen sulfide) are labile biological

mediators whose production and metabolism are enzymati-
cally regulated (Fig. 1). These small gaseous molecules freely
diffuse through cell membranes to invoke cellular signaling,
thus alleviating the need for membrane receptors and second
messengers systems (59). Nitric oxide (NO) was the first gaso-
transmitter identified and has been the most studied to date.
NO was first discovered in the late 1700’s, but its importance
in the field of biology and medicine was not fully appreciated
until the 1980’s when, in a series of studies conducted by
several independent groups, it was reported that NO is gen-
erated in mammals, including humans, by nitric oxide syn-
thases (NOSs) (31). There are three isoforms of NOS that have
been characterized, purified, and cloned: the endothelial iso-
form (eNOS); the neuronal isoform (nNOS); and the inducible
isoform (iNOS). Moreover, NO possesses a number of phys-
iological properties that make it a potent cardioprotective-
signaling molecule (35). Carbon monoxide (CO), the second
endogenous gasotransmitter to be identified, is derived from
the breakdown of heme by the enzyme heme oxygenase (HO)
(17). There are three known isoforms of HO: HO-1 is ex-
pressed ubiquitously and is inducible; HO-2 is constitutively

active and expressed primarily in the brain and testes; and
HO-3 is constitutively active as well, but less efficient than the
other two oxygenases (51). Although long considered an in-
significant and potentially toxic waste product of heme ca-
tabolism, CO is now recognized as a key-signaling molecule
that regulates numerous cardiovascular functions (17).

Hydrogen sulfide (H2S) is the third endogenously pro-
duced gasotransmitter to be identified as an important cell
signaling molecule. Like other members of the gaso-
transmitter family, H2S has classically been regarded as a
toxic gas and environmental hazard. However, again much
like NO and CO, the initial negative perception of H2S has
evolved with the recent discovery that it is produced by a
number of enzymes in mammals and modulates a number of
physiological processes. The production of H2S in mamma-
lian systems has been attributed to three endogenous en-
zymes (Fig. 2): cystathionine b-synthase (CBS), cystathionine
g-lyase (CGL or CSE), and 3-mercaptopyruvate sulfur-
transferase (3MST). The endogenous production of H2S was
initially described in the brain as a central component of long-
term potentiation of neuronal circuitry (39) and was attrib-
uted to the activity of CBS (1). However, newer evidence
suggests that in the brain 3MST produces greater quantities
of neuronal H2S compared to CBS and contributes to *90% of
total H2S production in the brain (54). In addition, H2S is
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produced in the vasculature (i.e., primarily smooth muscle
cell) CGL where it mediates smooth muscle relaxation (28)
and subsequent vasodilation independent of the guanylyl
cyclase=cGMP pathway (77). The rate of H2S production
in tissue homogenates has been reported to be in the range of
1–10 pmoles per second per mg protein, resulting in low
micromolar extracellular concentrations (59). It is at these
concentrations that H2S has been shown to be cytoprotective
in various models of cellular injury (32), including the heart
and liver (32).

It is important to note that the previous reported low mi-
cromolar levels of H2S may not accurately reflect its actual
physiological concentrations. For instance, the levels of H2S in
the brain have previously been reported to be in the range of
30–100 mM. However, Furne et al. (22) recently reported the
levels of H2S in the brain to be 15 nM. In this study, the authors
measured H2S levels in the headspace of homogenized brain
tissue. The discrepancy in the levels of H2S measured in Furne
study versus those levels previously reported can be attrib-
uted to the assays used to measure H2S. Furne et al. (22)
measured H2S in the gas space of tissue homogenates using a
gas chromatograph equipped with a chemiluminescence
sulfur detector, whereas previous studies measured H2S in
tissue homogenates using polarographic probes (6) or color-
imetric assays (47). Fundamentally, all of the techniques have

limitations that may account for the different levels of H2S
measured [see (61) for review of methods and their limita-
tions], such as: the instability of sulfide, its high volatility, its
great susceptibility to oxidation, its adherence to various
materials (e.g., glass), and the erroneous release of sulfide out
of some rubbers used or out of the often used reagent DTT
(61). This might lead to artificially elevated or lowered levels
and explains the large discrepancy among the various reports.
Therefore, new reliable techniques need to be established to
elucidate the levels of H2S required to elicit its physiological
signaling.

Hydrogen Sulfide and Cardioprotection

The physiological actions of H2S make this gas ideally
suited to protect the heart and blood vessels against injury
during a number of cardiovascular disease states. The car-
diovascular actions of hydrogen sulfide are summarized in
Fig. 3. In recent years, the cardioprotective effects of endog-
enous and exogenous H2S have been investigated in models
of in vitro (33, 66, 73, 76) and in vivo (18, 23, 55, 56, 58, 80)
myocardial injury. The effects of endogenous H2S have pri-
marily been studied by pharmacologically inhibiting CGL
and by genetically targeting CGL in mice. The effects of exo-
genous H2S have been studied through the administration of

FIG. 1. Endogenously produced gases that modulate cardiovascular physiology. Nitric oxide (NO), carbon monoxide
(CO), and hydrogen sulfide (H2S) are three endogenously produced gases that are members of the gasotransmitter family of
cellular signaling molecules. Each is produced enzymatically and all have been reported to possess cytoprotective effects. It
should be noted that these gases are very labile and in general highly reactive. NO, CO, and H2S all activate multilple signal
pathways and promote chemical modifications. CBS, cystathionine b-synthase, CGL or CSE, cystathionine g-lyase, cGMP,
cyclic guanosine monophosphate, eNOS, endothelial nitric oxide synthase, HO-1, heme oxygnase 1, iNOS, inducible nitric
oxide synthase, KATP, ATP-sensitive Kþ channel, 3MST, 3-mercaptopyruvate sulfur transferase, nNOS, neuronal nitric oxide
synthase, sGC, soluble guanylyl cyclase. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article at www.liebertonline.com=ars).
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H2S in the form of sodium hydrosulfide (NaHS) or sodium
sulfide (Na2S). In these studies, H2S was administered before,
during and after ischemia at concentrations ranging from
0.1 to 1000 mM (in vitro) or dosages ranging from 0.010 to
3 mg=kg (in vivo).

Cardioprotective effects of exogenous hydrogen
sulfide therapy

The vast majority of in vitro studies that have investigated
the cardioprotective effects of exogenous H2S have employed
a pharmacological preconditioning (PC) strategy. Using an
in vitro Langendorf hanging heart model, Johansen et al. (34)
investigated the cardioprotective effects exogenous H2S
therapy by subjecting rat hearts to 30 min of left coronary
artery (LCA) occlusion, followed by 120 min of reperfusion. In
these experiments, NaHS was administered in the perfusate at
doses from 0.1 to 10mM starting 10 min prior to the onset of
ischemia and continued for the first 10 min of reperfusion.
NaHS was reported to provide a dose-dependent reduction in

infarct size, with 1mM providing the best reduction. Im-
portantly, the cardioprotective effects of NaHS were found to
be lost at a dose of 10 mM, demonstrating a very tight thera-
peutic dose range. In addition, it should be noted that all
commercially available NaHS contains a significant number
of impurities that can complicate the interpretation of results
obtained using this H2S precursor. Bian et al. (7) also investi-
gated the cardioprotective effects of exogenous H2S therapy in
an in vitro Langendorf hanging heart model and in isolated
adult rat myocytes. In the Langendorf hanging heart model,
NaHS was administered at a dose of 100 mM in the perfusate
in three cycles lasting 3 min each. Hearts were then subjected
to 30 min of low-flow ischemia followed by 10 min of re-
perfusion. Treated hearts were found to have a significant
decrease in ischemia-reperfusion-induced arrhythmias. In
separate experiments, isolated adult cardiac myocytes were
subjected to simulated ischemia through an exposure to a
glucose-free Krebs buffer containing 10 mM 2-deoxy-D-
glucose (2-DOG). A similar treatment strategy consisting of
three cycles of superfusion with NaHS (1–1,000mM) was

FIG. 2. Enzymatic synthesis of hydrogen sulfide. The physiological production of H2S in mammalian systems has been
attributed to three enzymes that are part of the cysteine biosynthesis pathway. Cystathionine b-synthase (CBS) is predom-
inantly found in the brain, nervous system, and liver. It produces H2S through a reaction involving the generation of
cystathionine from homocysteine, serine, and cysteine. Cystathionine g-lyase (CGL or CSE) is found in the vasculature and
live. It produces H2S through a reaction involving the generation of L-cysteine, pyruvate, and ammonia from L-cystathionine
and cysteine. 3-Mercaptopyruvate sulfur transferase (3MST) has been reported to be localized in the mitochondria and can
be found in the brain and vasculature. It produces H2S through a reaction involving the generation of pyruvate from
3-mercaptopyruvate (3MP). The 3MP is provided through the metabolism of cysteine and a-ketoglutarate (a-KG) by cysteine
aminotransferase (CAT). These enzymes regulate the physiological levels of H2S observed in the bloodstream and tissues and
are critical for H2S homeostasis. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article at www.liebertonline.com=ars).

HYDROGEN SULFIDE-MEDIATED CYTOPROTECTION 1205

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2882&iName=master.img-001.jpg&w=360&h=323


employed and NaHS was found to dose dependently increase
cell viability. Again, it is important to note that in terms of
efficacy a U-shaped curve was observed for the doses of NaHS
investigated. Hu et al. (29) recently investigated the efficacy of
a single treatment of H2S. In these experiments, isolated adult
cardiac myocytes were exposed to NaHS (100 mM) for 30 min.
The cells were then subjected to simulated ischemia 20 h later.
Following a 5-min expose to 2-DOG and 10 min of simulated
reperfusion, NaHS significantly increased cell viability, in-
creased the percentage of rod-shaped cells, and increased
myocyte contractility, demonstrating the efficacy of a single
expose of NaHS. This study demonstrated that a single expose
of NaHS resulted in delayed cardioprotection in isolated
cardiac myocytes.

While the in vitro investigations provided the first evidence
that H2S is cardioprotective and has provided some mecha-
nistic insights into its cardioprotective actions (discussed be-
low), clinical translation of a therapeutic agent critically
depends upon demonstration of efficacy in in vivo models of
cardiovascular disease. Sivarajah et al. (57) provided the first
report of the cardioprotective actions of H2S in an in vivo
model of myocardial ischemia-reperfusion injury in 2006. In

this study, rats were administered NaHS (3 mg=kg) 15 min
prior to myocardial ischemia and then subjected to 25 min of
coronary artery ligation and 2 h of reperfusion. The authors
reported a 25% reduction in myocardial infarct size, which
clearly provides strong evidence for the cardioprotective ef-
fects of H2S therapy. These results are, however, somewhat
diminished by the fact that NaHS was administered prior to
the onset of coronary artery ischemia and by the fact that this
study only investigated a relatively short period of reperfu-
sion (i.e., 2 h). This represents a significant limitation of the
study since it is well appreciated that myocardial reperfusion
injury evolves over a 24–72 h period following recannaliza-
tion of a coronary artery. Furthermore, patients generally re-
ceive medical treatment for acute myocardial ischemia after
the onset of symptoms. Therefore, a more clinically relevant
approach would be to administer H2S at the time of reperfu-
sion. Recently, Elrod et al. (18), therefore, investigated this
approach using a well-established in vivo murine model of
ischemia-reperfusion injury. In these studies, mice were sub-
jected to 30 min of left coronary artery ischemia followed by
24 h reperfusion. Na2S, generated from authentic H2S gas was
administered into the left ventricular lumen at the time of

FIG. 3. Cardiovascular actions of hydrogen sulfide. H2S is produced in mM concentrations in the circulation and despite its
very short half-life in blood and tissues exerts a number of critical effects on the cardiovascular system. Physiological actions
include: vasodilation, inhibition of leukocyte-endothelial cell interactions, antioxidant effects, anti-apoptotic effects, increased
angiogenesis, and modulation of mitochondrial respiration. Cystathionine gamma lyase (CGL or CSE) is localized primarily
in the smooth muscle cell layer of blood vessels while the recently described enzyme, 3-mercaptopyruvate sulfur transferase
(3MST) has been identified in vascular endothelial cells as well as in mitochondria. At present, it is not clear if 3MST is
localized in cardiac mitochondria. These cytoprotective actions of H2S are observed at physiological levels of H2S (i.e., mM)
while very high concentrations of H2S (mM) induce cellular injury and apoptosis. At present, very little is known regarding
H2S levels in animals and humans in the setting of cardiovascular disease of the effects of risk factors (i.e., hypertension,
diabetes mellitus, dyslipidemia, and obesity) on blood and tissue levels of H2S. Hydrogen sulfide therapy in cardiovascular
disease is focused on the use of physiological levels of H2S. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article at www.liebertonline.com=ars).
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reperfusion at doses ranging from (10–500 mg=kg). Evaluation
of infarct size at 24 h following reperfusion revealed dose-
dependent reductions in myocardial infarct size, with
50 mg=kg resulting in a 72% reduction in infarct size. Addi-
tional studies revealed that H2S-treated mice also exhibited
significantly less post-ischemic left ventricular dysfunction, as
assessed by high-resolution, two-dimensional echocardiog-
raphy. More evidence regarding the efficacy of H2S reperfu-
sion therapy comes from Sodha and colleagues (58), who
investigated the cardioprotective effects of H2S in a preclinical
large animal model. In this study, Yorkshire pigs were sub-
jected to regional left ventricular ischemia by left anterior
descending (LAD) arterial occlusion distal to the second
diagonal branch for 60 min. The treatment group received
highly pure Na2S (100 mg=kg bolusþ 1 mg=kg=h infusion)
10 min prior to the onset of reperfusion. At the end of the
120-min reperfusion period, global systolic left ventricular
function, as determined from LVþdP=dt, was significantly
better in the Na2S-treated group compared to the vehicle-
treated group. Myocardial infarct size was also significantly
reduced in Na2S-treated groups relative to vehicle-treated
group.

Protective effects of exogenous hydrogen sulfide
therapy in other models of ischemia-reperfusion

The cytoprotective effects of exogenous H2S therapy are not
limited to myocardial ischemia-reperfusion injury, as H2S has
been shown to confer protection in other organ systems. Our
laboratory has recently reported that cytoprotective effects of
H2S in an in vivo model of hepatic ischemia-reperfusion injury
(32). In this study, hepatic injury to the left lateral and median
lobes of the liver was achieved by occluding the hepatic artery
and portal vein to 60 min followed by 5 h of reperfusion. H2S
in the form of Na2S was administered 5 min before reper-
fusion and was shown to attenuate the elevation in serum
alanine aminotransferase by 68.6% and aspartate amino-
transferase by 70.8% compared with vehicle group. Fu et al.
(21) investigated the role of H2S in the pathogenesis of pul-
monary ischemia-reperfusion injury using an isolated rat lung
ischemia-reperfusion model. Lungs were subjected to 45 min
ischemia, followed by 45 min of reperfusion, at which time
lung injury was assessed by lung histological change, perfu-
sion flow rate, ratio of lung wet weight to dry weight, and
lung compliance. Lungs were pretreated with H2S to evalu-
ate the effects of exogenous H2S or pretreated with D,L-
propargylglycine (PAG) to evaluate the effects of endogenous
H2S. Lungs pretreated with H2S exhibited less injury whereas
lungs pretreated with PAG exhibited exacerbated injury.
These findings suggest that endogenous H2S might be in-
volved in protecting the lung from ischemia-reperfusion in-
jury and that administration of exogenous H2S might be of
clinical benefit in lung ischemia-reperfusion injury. Finally,
Xu et al. (68) examined the effect of ischemia-reperfusion on
CBS-mediated H2S production in the kidney and determined
whether changes in the endogenous H2S generation had any
impact on renal ischemia-reperfusion injury. In these experi-
ments, the left kidney of rats was subjected to 45 min of
ischemia, followed by a reperfusion period of 6 h. Renal
ischemia-reperfusion led to a significant decrease in the
CBS-mediated H2S production. Partial restoration of CBS
activity by intraperitoneal injections of the NO scavenger,

2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide not
only restored renal H2S levels but also alleviated ischemia-
reperfusion-induced lipid peroxidation and reduced cell dam-
age in the kidney tissue. Furthermore, administration of an
exogenous H2S (NaHS, 100mg=kg) improved renal function.
H2S has also been reported to protect cultured neurons from
of glutamate-induced oxidative cell death (40). However,
there are contrasting reports regarding the in vivo effects of
H2S on the brain. Qu et al. (47) reported that the administration
of NaHS significantly increased infarct volume in rats fol-
lowing middle cerebral artery occlusion, whereas the inhibi-
tion of H2S synthesis with pharmacological inhibitors reduced
infarct volume. In contrast, Florian and colleagues (20) re-
ported that a 48-h exposure to 80 ppm H2S gas reduced infarct
size by 50% in rats following focal ischemia by inducing hy-
pothermia. The obvious difference between these two studies
is the way H2S was administered (single injection vs. chronic
exposure to H2S gas). The efficacy of the chronic exposure to
H2S gas could be attributed to the hypothermia induced by
H2S, as hypothermia is a known neuroprotective strategy (20).
Given, the discrepancy in these studies, more work is certainly
warranted to determine if H2S therapy will be an effective
treatment strategy for cerebral ischemia-reperfusion injury.

Taken together, these results of these studies suggest that
both maintenance of endogenous tissue levels of H2S and
therapy with exogenous H2S may offer cytoprotection against
ischemia-reperfusion injury in a number of organs, including
the liver, lung, and kidney. However, there is still some work
that needs to be done to address the effects H2S has on the
brain during cerebral ischemia.

Cardioprotective effects of endogenous
hydrogen sulfide

The growing interest in the use of exogenous H2S as a
pharmacological agent for the treatment of myocardial is-
chemia-reperfusion injury has led investigators to evaluate
the role that endogenous H2S plays in the development of
myocardial injury following myocardial ischemia. Multiple
studies have reported that when the production of endoge-
nous H2S is reduced prior to myocardial ischemia by phar-
macologically inhibiting CGL with PAG myocardial injury is
exacerbated (8, 57). Bliksoen et al. (8) reported a 38% increase
in myocardial infarct size following 40 min of low-flow is-
chemia when isolated hearts were exposed to PAG prior to the
ischemic episode. This is supported by in vivo data, demon-
strating that the administration PAG (50 mg=kg i.v.) 15 min
before the onset of ischemia significantly augmented myo-
cardial infarct size caused following ischemia and reperfusion
(57). The use of PAG has certainly provided evidence that
supports the idea that endogenous H2S is a cytoprotective-
signaling molecule that can limit the extent of myocardial
injury. It is important to note that many of the currently
available pharmacological inhibitors of CGL and CBS are not
highly specific for these enzymes, which complicates the in-
terpretation of these findings. Development of specific and
potent CGL and CBS inhibitors will prove to be extremely
valuable for researchers investigating the physiological ac-
tions of H2S. More definitive evidence regarding the cardio-
protective actions of endogenous H2S has emerged from
studies using genetically altered mice. Mice with a cardiac-
specific overexpression of CGL experience smaller infarct
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sizes in response to in vivo myocardial ischemia-reperfusion
injury (18). Recently, our laboratory has investigated the
effects of myocardial ischemia-reperfusion injury in a mouse
model of systemic deletion of the CGL gene that was origi-
nally developed by Yang and colleagues (70). These mice were
subjected to 45 min of left coronary artery occlusion and 24 h
of reperfusion at which time myocardial infarct size was de-
termined. These animals exhibited significantly larger areas of
myocardial infarction compared to wild-type control animals
(Fig. 4).

Role of endogenous hydrogen sulfide
in ischemic preconditioning

Of all the gaseous signaling molecules, NO has been
the most extensively studied in the setting of myocardial
ischemia-reperfusion injury. Previous studies clearly dem-

onstrate that the deficiency of eNOS exacerbates myocardial
ischemia-reperfusion injury, whereas the overexpression of
eNOS, the administration of NO donors, and inhaled NO gas
therapy all significantly protect the myocardium (12). Ad-
ditionally, endogenously produced NO has been shown to
play a prominent role in the cardioprotective signaling asso-
ciated with IPC (42). Recent studies have evaluated if en-
dogenous H2S plays a role in signaling initiated by IPC. Both
in vitro (8) and in vivo (57) studies have clearly demonstrated
that pharmacological inhibition of endogenous H2S produc-
tion with PAG does not have an affect on IPC-induced car-
dioprotection, suggesting that endogenous H2S does not play
a role in the setting of IPC signaling.

Summary of hydrogen sulfide and cytoprotection

In summary, extensive research performed in recent years
has clearly demonstrated that the acute administration of H2S,
either prior to ischemia (i.e., preconditioning) or at the time of
reperfusion, significantly ameliorates in vitro or in vivo myo-
cardial ischemia-reperfusion injury. Most importantly, these
studies have provided important information regarding the
doses of H2S that provide cardioprotection and suggest that
the use of H2S at or near the levels considered to be produced
under physiological conditions in vivo is optimal to protect
the heart following coronary artery occlusion and reper-
fusion. Furthermore, H2S has been shown to attenuate the
extent of cellular necrosis and apoptosis following ischemia-
reperfusion in a number of organs including the heart, liver,
lung, and kidney.

Cardioprotective Mechanisms of Hydrogen Sulfide

H2S possesses a diverse physiological profile that contrib-
utes to its cardioprotective actions (Fig. 3). Of the reported
physiological effects of H2S there are several that are likely
responsible for protection against cardiovascular events such
as acute myocardial ischemia-reperfusion. H2S has been re-
ported to regulate blood pressure and previous experimental
work focused on exogenous H2S demonstrated that intrave-
nous injections of H2S transiently decreased blood pressure in
rats (78) through endothelium dependent vasodilatation (14).
Recently, it has been reported that mice deficient in CGL
(CGL-=-) have markedly reduced serum H2S levels, which
results in pronounced hypertension and diminished endo-
thelium-dependent vasodilation (70). These findings provide
direct evidence that H2S is a physiologic vasodilator that can
influence blood pressure. This could be of importance in the
treatment of myocardial I=R injury as hypertension is known
to exacerbate the severity of acute myocardial infarction by
increasing myocardial oxygen demand and cellular injury. It
has also become evident that H2S acutely serves as a potent
antioxidant and under more chronic conditions upregulates
antioxidant defenses (40). The reported antioxidant effects of
H2S may be of critical importance for the treatment of car-
diovascular disease, as oxidative stress plays a prominent role
in the development of injury following acute myocardial I=R
and LV dysfunction associated with heart failure (16). It has
also been demonstrated that H2S effectively promotes cyto-
protection in a number of cell types through the inhibition of
apoptotic cell death (49), which could also limit the develop-
ment of LV remodeling and dysfunction associated with
myocardial I=R and heart failure. Another physiological

FIG. 4. Deficiency of CGL exacerbates myocardial
ischemia-reperfusion injury. In order to determine the role
of endogenously produced H2S on myocardial reperfusion
injury, mice deficient in CGL (CGL�=�) and wild-type litter-
mates were subjected to 45 min of left coronary artery
occlusion, followed by 24 h of reperfusion. At 24 h of re-
perfusion, myocardial area-at-risk and infarct size were
evaluated with the TTC-Evans blue dual staining method.
(A) Representative photomicrographs of midventricular
heart sections from wild-type and CGL�=� mice at 24 h after
reperfusion. Myocardial infarct size (white tissue) is signifi-
cantly greater in CGL�=� mice as compared to wild-type
control hearts. (B) Bar graph of the myocardial area-at-
risk per left ventricle (AAR=LV), infarct size per AAR
(Inf=AAR), and Inf=LV in wild-type and CGL�=� groups of
mice. CGL�=� mice experienced a 48% increase in Inf=AAR
( p¼ 0.004 vs. wild-type) and a 34% ( p¼ 0.01) increase in
Inf=LV when compared to wild-type mice. (For interpreta-
tion of the references to color in this figure legend, the reader
is referred to the web version of this article at www
.liebertonline.com=ars).
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characteristic of H2S that might provide cardioprotection re-
lates to the evidence that H2S can alter the metabolic state
of organisms by modulating mitochondrial function. Al-
though the physiological and cardioprotective effects of H2S
have previously been documented, the cellular and molecular
signaling mechanisms that mediate these effects have just
begun to be elucidated. The rest of this review article will
highlight some of the key signaling targets and pathways that
have been associated with H2S.

Hydrogen Sulfide and ATP-Sensitive Kþ Channels

Perhaps the most widely characterized cellular target as-
sociated with H2S is the ATP-sensitive Kþ (KATP) channel,
since H2S-induced vasorelaxation has been shown to be me-
diated mainly by the opening of KATP channels in vascular
SMCs (78). KATP channels are found on the surface of cell
membranes and mitochondria of many different cell types,
including pancreatic b-cells, neurons, cardiac myocytes, liver,
and skeletal and smooth muscle cells (5). These channels are
weakly inwardly rectifying Kþ (Kir) channels that stabilize the
membrane potential close to the equilibrium potential for Kþ.
At the molecular level, functional KATP channels are under-
stood to be multi-subunit protein complexes. Transmembrane
Kir6 pore forming subunits allow Kþ ions to permeate the
channel complex, whereas sulfonylurea (SUR) accessory
subunits serve to act as receptors for a variety of pharmaco-
logical compounds that either activate or inhibit KATP channel
opening. Classically, cardiac sarcolemmal KATP channels are
thought to be composed of Kir6.2 and SUR2A subunits;
however, the evidence is strong that SUR1 and Kir6.1 subunits
are also expressed in the heart and that they may have a
functional role (63). KATP channels are known to play an im-
portant role in the cardioprotective signaling of IPC. In ad-
dition, pharmacological agents that selectively open the KATP

channel have been shown to have infarct-limiting effects as
potent as IPC. There is still debate, however, as to whether the
sarcolemmal KATP channel or mitochondrial KATP channel
plays a more prominent role in this cardioprotection (24), in
part since the mitochondrial KATP channel has yet to be
identified.

Emerging evidence indicates that KATP channels are critical
targets of endogenous and exogenous H2S (7). Patch-clamp
studies have demonstrated that H2S in a concentration de-
pendent and reversible manner increases whole cell KATP

channel currents in smooth muscle cells isolated from both
aortic and mesenteric arteries (14, 78). Additionally, it has
been suggested that the endogenous production of H2S in the
heart protects the myocardium during ischemia-reperfusion
injury through a KATP channel-mediated pathway (23). Early
work suggested that H2S mediates cardioprotection through
sarcolemmal KATP channels and not through mitochondrial
channels (7). In this study it was found that specific blockade
of mitochondrial KATP channels with 5-hydroxydeconoate
(5-HD) had no effect on the protective effect of H2S on cell
viability and cell function, whereas glibenclamide (nonselec-
tive) and HMR-1098 (a putative sarcolemmal KATP channel
blocker) both significantly attenuated this effect. Recent data
from our lab provided direct evidence suggesting that H2S
activates sarcolemmal KATP channels (Fig. 5). For these ex-
periments, ventricular myocytes were isolated from 8–10-
week-old male mice (C57BL=6J) using a collagenase perfusion

method as described previously (63). Isolated myocytes were
allowed to stabilize for 1 h before being used for electro-
physiological recording experiments. Recordings of single-
KATP channel activity were made by standard inside-out
patch-clamp techniques. For each patch, activity was first
recorded in the presence of 0 mM ATP (maximum current)
and 3 mM ATP (zero current; indicated by the dotted line) to
determine the presence of ATP sensitive Kþ channels. Chan-
nel activity was then recorded in the presence of 0.03 mM
ATP, which resulted in a 41% decrease in channel activity
(59% of maximum current). When 100mM H2S was applied in
the presence of 0.03 mM ATP, we observed a 66% increase in
channel activity (98% vs. 59%, p< 0.01, n¼ 5). The effect of
H2S was reversible when returning to the 0.03 mM ATP so-
lution. Interestingly, subsequent application of 3 mM ATP
failed to completely block KATP channel activity, suggestive of
a change in ATP sensitivity. The current amplitude was un-
changed when washing off the ATP. These data demonstrate
that H2S may directly act on sarcolemmal KATP channels in
excised membrane patches from cardiac myocytes to increase
channel activity. In contrast, a recent study by Sivarajah and
colleagues (56) has reported that the cardioprotective effects
of NaHS were abolished by 5-HD, suggesting a role for mi-
tochondrial KATP channels. Given these diverse findings,
more work is needed to determine which channel (if not both)
plays a role is H2S-mediated cardioprotection. Additionally,
the precise molecular mechanisms underlying the effect of
H2S on KATP channels are still largely unknown. Since H2S is a
strong reductant, it is possible that H2S directly interacts with
KATP channel proteins (60), inducing the reduction of dis-
ulfide bonds of the channel protein (67). Signaling through
protein kinase C (PKC) has also been reported as a possible
mechanism of action (7). Bian et al. (7) demonstrated that PKC
inhibition attenuated the protective effects of H2S, but the
authors did not investigate if PKC was upstream or down-
stream of H2S. Studies have also indicated that H2S does not
induce second messengers to open KATP channels, but rather
directly opens the channels (60). Therefore, it is possible that
PKC is downstream of KATP channel opening.

Hydrogen sulfide and protein kinase C

PKC is a family of serine=threonine kinases that regulates a
diverse set of cellular processes, including proliferation, mi-
gration, and cell survival. There are several isoforms of PKC,
which have distinct roles in these processes. Additionally, the
isoforms of PKC have different roles in different tissue. PKC
epsilon (PKCe) and PKC alpha (PKCa) play a role in cardio-
protective signaling in response to various stimuli following
ischemia-reperfusion injury (46), whereas PKC delta (PKCd)
plays a key role in the injury associated with ischemia-
reperfusion injury (15). When activated, PKC translocates
from the cytosol to the sarcolemmal membrane, sarcoplasmic
reticulum, and mitochondria. At the sarcolemmal membrane,
PKCe can activate Ras, which is an upstream mediator of Erk
activation. At the sarcoplasmic reticulum, PKC can activate
sarco-endoplasmic reticulum Ca2þ-ATPase (SERCA) and ac-
celerate the clearance of Ca2þ from the cytoplasm (64). The
translocation of PKCd to the mitochondria is associated with
diminished mitochondrial respiration, increased reactive
oxygen species (ROS) generation, and induction of apopto-
sis (15). H2S has previously been reported to induce PKC
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activation (29, 72). Pan et al. (45) reported that H2S activates
PKCa, PKCe and PKCd in isolated cardiomyocytes. Interest-
ingly the activation of PKCe was the only isoform found to be
secondary to KATP channel opening and the activation of
PKCd did not seem to cause any detrimental effects. They also
demonstrated that PKC activation intervenes in the devel-
opment of Ca2þ overload and myocyte hypercontracture in-
duced by ischemia-reperfusion insults by facilitating cytosolic
Ca2þ clearing through SERCA and the sodium calcium ex-
changer (NCX).

Anti-apoptotic properties of hydrogen sulfide

Previous studies have reported the anti-apoptotic effects
of H2S (18, 56, 58). Apoptotic cell death during reperfusion
has been implicated as an important contributor to reper-
fusion-induced injury. Therefore, targeting anti-apoptotic
mechanisms may offer a potential strategy to attenuate
reperfusion-induced cell death (25). In this regard, the acti-
vation of pro-survival kinases, such as PI3K-Akt, PKC, and
Erk1=2 (termed reperfusion injury salvage kinase (RISK)
pathway) have been demonstrated to confer cardioprotec-
tion against myocardial ischemia-reperfusion through an
inhibition of apoptosis (71). The downstream anti-apoptotic
effectors of the RISK pathway have not been fully eluci-
dated, but the Erk1=2 component of the RISK pathway has

been shown to signal through signal transducers and acti-
vators of transcription-3 (STAT-3), p90RSK, Bcl-2, Bcl-xL,
and heat shock proteins (HSPs). The STAT pathway has
recently been shown to be an integral part of the response of
the myocardium to various cardiac insults, including myo-
cardial infarction (4). In particular, the overexpression of
STAT-3 provides protection (41), whereas cardiac-specific
deficiency of STAT-3 exacerbates cardiac injury (26). HSPs
have also been demonstrated to provide cardioprotection in
the setting of ischemia-reperfusion. In particular, HSP70
suppresses apoptosis in a caspase-dependent (52) and cas-
pase-independent manner (48). Past studies have reported
that exogenous H2S activates several of these pro-survival
kinases, including PKC=Erk1=2 and PI3K=Akt (8, 30, 72). A
more recent study provides in vivo evidence for the activa-
tion of a PKCe-STAT-3 signaling cascade by H2S (11). In this
study, H2S increased the phosphorylation of PKCe and
STAT-3, increased the expression of HSP90, HSP70, Bcl-2,
and Bcl-xL, and also inactivated the pro-apoptogen Bad. The
activation of this signaling pathway resulted in a reduc-
tion in apoptotic cell death following myocardial ischemia-
reperfusion, as evidenced by a reduction in TUNEL
staining. Another pathway by which H2S may reduce
apoptotic cell death relates to its cross talk with the NO
pathway. Yong et al. (72) have shown that H2S confers
protection against ischemia-reperfusion injury through the

FIG. 5. Hydrogen sulfide activates
myocardial KATP channels. (A) Re-
presentative recording of ATP-sensitive
potassium (KATP) channels measured in
the inside-out configuration at �100 mV
membrane potential. Note that inward
currents are depicted as downward de-
flections of the current trace. ATP and H2S
were applied as shown in the top bars. (B)
Mean patch current. On average, the mean
patch current recorded with 30 mM ATP
was 41% of that recorded in the absence of
ATP (n¼ 7). H2S increased mean patch
current by 66%. Values are means� S.E.M.
**p< 0.01 compared to 0.03 mM ATP.
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activation of eNOS. NO is known to inhibit apoptosis (43)
either directly or indirectly by inhibiting caspase-3-like
activation via a cGMP-dependent mechanism and by direct
inhibition of caspase-3-like activity through protein S-
nitrosylation (38). This evidence suggests that H2S does
not simply reduce apoptotic cell death following myocardial
ischemia-reperfusion through a simple reduction in cellular
injury, but actually has the ability to promote direct anti-
apoptotic signaling.

Antioxidant properties of hydrogen sulfide

H2S has also been reported to protect neurons (40), vascular
smooth muscle cells (69), and myocytes (23) from oxidative
stress. Under physiological conditions, small amounts of ROS
produced as a consequence of electron transfer reactions in
mitochondria, peroxisomes, and cytosol are quenched by
cellular antioxidant defense systems. Antioxidants act by
scavenging oxidative species and their precursors, inhibiting
their formation and enhancing endogenous antioxidant de-
fenses (36). There is considerable evidence that implicates the
production of ROS as an initial cause of injury to the myo-
cardium following ischemia-reperfusion. ROS formed during
oxidative stress can initiate lipid peroxidation, oxidize pro-
teins to inactive states, and cause DNA strand breaks, all
potentially damaging to normal cellular function and out-
come (65). Therefore, the capacity of cardiac myocytes to
maintain homeostasis during periods of oxidative stress re-
sides in the ability to activate or induce protective enzymes
(37). Geng and colleagues (23) reported that H2S decreases
lipid peroxidation in the heart following isoproterenol–
induced myocardial ischemic injury by scavenging hydrogen
peroxide and superoxide. Kimura and colleagues (40) dem-
onstrated using a model of glutamate-induced oxidative
stress that H2S protects neurons from cell death by increasing
the levels of the antioxidant, glutathione. They found that H2S
increased glutathione levels by enhancing the activity of g-
glutamylcysteine synthetase and upregulating cystine trans-
port. This suggests that H2S reduces oxidative stress through
two distinct mechanisms; it can act as a direct scavenger of
ROS and also upregulate antioxidant defenses. A recent study
indicates that H2S may upregulate endogenous antioxidants
through a nuclear-factor-E2-related factor-2 (Nrf2) dependent
signaling pathway (11). Nrf2, a member of the NF-E2 family
of nuclear basic leucine zipper transcription factors, regulates
the gene expression of a number of enzymes that serve to
detoxify pro-oxidative stressors (19). This regulation is me-
diated by Nrf2 binding to the antioxidant responsive element
(ARE), a cis-acting regulatory element or enhancer sequence,
found in the promoter region of certain genes (62). Genes that
contain an ARE include: heme oxygenase–1 (HO-1), thior-
edoxin (Trx), thrioredoxin reductase (TrxR), glutathione
reductase (GR), glutathione peroxidase (GPx), glutathione
S-transferase (GST), and catalase (79). Calvert et al. (11) found
that as early as 30 min following the administration of H2S,
Nrf2 accumulated in the nucleus of cardiac tissue and re-
mained at an elevated level for at least 2 h. Subsequently, the
protein expression of Trx1 and HO-1 were found to be ele-
vated 24 h following the administration H2S. A role for Nrf2 in
mediating the antioxidant effects of H2S is further supported
by the finding that garlic oil, a reported H2S donor (6), can
promote Nrf2 activation (19).

Anti-inflammatory effects of hydrogen sulfide

H2S also inhibits leukocyte-endothelial cell interactions
in vivo (75). Zanardo et al. (75) utilized intravital microscopy to
demonstrate that H2S inhibits leukocyte adherence in the
endothelium in the rat mesenteric microcirculation during
vascular inflammation. Inhibition of leukocyte–endothelial
cell adhesion suppressed edema formation following carra-
geenan administration to the paw of rats and attenuated
leukocyte infiltration into an air pouch model. In contrast,
inhibition of endogenous H2S biosynthesis with inhibitors of
H2S generating enzymes elicited leukocyte adherence to the
microvascular endothelium (75). In support of this finding,
Yusof et al. (74) also demonstrated that acute NaHS treatment
in mice promotes a significant transformation to an anti-
inflammatory phenotype in small intestine postcapillary ve-
nules such that these vessels fail to support leukocyte rolling
and leukocyte adhesion in response to ischemia-reperfusion
injury. These elegant studies strongly suggest that H2S is
a potent anti-inflammatory molecule. However, further
studies are required to more fully elucidate these potent anti-
leukocyte effects in animal model systems of inflammatory
and cardiovascular disease states.

Hydrogen sulfide and mitochondria

As noted above, another physiological characteristic of
H2S that could provide cardioprotection relates to the evi-
dence that H2S can alter the metabolic state of organisms by
modulating mitochondrial function. H2S is known to be a
potent and reversible inhibitor of cytochrome c oxidase
(complex IV of the mitochondrial electron transport chain)
(27) and the profound nature of H2S to influence whole or-
ganism metabolism was recently demonstrated by its in-
duction of a suspended animation-like state in mice (50).
Another possible mechanism for H2S’s protective action on
mitochondrial function may lie in the capacity of H2S to
modulate cellular respiration, as the inhibition of mito-
chondrial respiration has been shown (13) to protect against
myocardial ischemia-reperfusion injury by limiting the
generation of ROS and diminishing the degree of mito-
chondrial uncoupling. H2S may also affect the mitochondria
indirectly via off-target effects. For instance, a common tar-
get of the anti-apoptotic signaling activated by the RISK
pathway is the mitochondria. Specifically, activation of the
RISK pathway has been shown to inhibit the opening of
mitochondria permeability transition pores (MPTP) (15).
MPTP occupy a fundamental role in determining cellular
survival in the setting of myocardial ischemia-reperfusion
injury because MPTP opening causes mitochondrial mem-
brane potential (DCm) depolarization (2). As a result, the loss
of DCm causes a rapid impairment of mitochondrial func-
tion, which can lead to apoptotic cell death through the re-
lease of pro-apoptotic proteins. Additionally, by reducing
overall cellular oxidative stress, H2S protects mitochondria
from becoming damaged and activating a pro-apoptotic
signaling cascade.

Summary of the cardioprotective mechanisms
of hydrogen sulfide

A common characteristic among gasotransmitters is that
they can freely diffuse across cellular membranes and very

HYDROGEN SULFIDE-MEDIATED CYTOPROTECTION 1211



rapidly activate multiple intracellular targets. This is unique
in that gasotransmitters can subvert the need for receptor-
mediated signaling. Although the cellular targets of H2S have
not been fully defined, work over the past several years has
provided some important insights into its signaling capabil-
ity. Figure 6 summarizes some of the primary signaling cas-
cades that have been described for H2S. As discussed above,
the most defined cellular target of H2S is the KATP channel.
Activation of the KATP channel during myocardial ischemia-
reperfusion injury gives H2S the ability to regulate intra-
cellular calcium. Through this regulation, H2S prevents
mitochondrial damage and prevent the initiation of a pro-
apoptotic cascade. Additionally, H2S-mediated antioxidant
actions alleviate cellular oxidative stress and indirectly reduce
mitochondrial dysfunction and apoptotic signaling. Further-
more, the initiation of a direct anti-apoptotic signaling cascade
can also prevent cell death. Individually, these pathways are
distinct enough to stand-alone and provide cardioprotection,
but together, they are able to feed off of one another and
present a formidable barrier for cardiac injury.

Garlic and Garlic Derivatives as a Source
of Hydrogen Sulfide

It has long been appreciated that diet exerts important
long-term effects on vital body functions and impacts overall
cardiovascular health and disease. There has been a well-
known connection between increased risk for cardiovascular
disease and poor diet, often involving high intake of saturated
fat and limited fruit and vegetable intake, characteristic of a
contemporary Western diet (10). In contrast, epidemiological
studies have shown that diets rich in fruits, herbs, and spices
are associated with a low risk of cardiovascular disease. In
particular, garlic has gained a formidable reputation as a
prophylactic and therapeutic medicinal agent (3). Garlic has
attracted attention of modern medicine because of its wide-
spread health use around the world and its ability to enhance
antioxidants, to inhibit platelet aggregation, and to reduce
hypertension (3, 9, 53). The mechanisms by which garlic and
its derivatives elicit these physiological effects have remained
unknown for quite some time. However, a recent study by

FIG. 6. Summary of the key H2S signaling targets and pathways. Although the physiological and cytoprotective effects of
H2S have previously been documented, the signaling mechanisms that mediate these effects have just begun to be elucidated.
The activation of multiple signaling cascades allows H2S to target pathways that can provide cytoprotection independently of
each other, but most importantly allows for the merging of multiple pathways into a single cytoprotective signaling cascade.
Some of the known protective signal pathways are illustrated. Given the highly reactive property of hydrogen sulfide and the
fact that H2S induces S-sulfhydration, it is likely that additional signaling pathways not shown are activated by H2S.
Additionally, signaling pathways involved in pharmacological preconditioning may differ from the cytoprotective effects of
H2S administered during the pathogenesis of ischemia-reperfusion injury. GPx, glutathione peroxidase; GR, glutathione
reductase; GST, glutathione S-transferase; HO-1, hemeoxygenase-1; HSP, heat shock protein; MPTP, mitochondrial perme-
ability transition pore; Nrf-2, nuclear-factor-E2-related factor; PKC, protein kinase C; ROS, reactive oxygen species; SERCA,
sarco-endoplasmic reticulum Ca2þ-ATPase; Trx, thioredoxin; TrxR, thioredoxin reductase; STAT-3, signal transducers and
activators of transcription-3. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article at www.liebertonline.com=ars).
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Benavides et al. (6) suggests that H2S may underlie the bene-
ficial physiological effects garlic exerts on the cardiovascular
system. In this study, the authors demonstrated that garlic
and garlic-derived organic polysulfides, such as diallyl tri-
sulfide (DATS) and diallyl disulfide (DADS), induce H2S
production in a thiol-dependent manner and that this signal
molecule mediates the vasoactivity of garlic.

Toxic Effects of Hydrogen Sulfide

Despite the more recently described cytoprotective actions,
H2S has long been viewed as an environmental hazard. In
fact, there is an extensive body of literature describing the
toxicological profile of H2S, most of which is focused on the
toxic effects occurring after the inhalation of gaseous H2S (See
(59)). A significant body of human data has accumulated with
inhaled H2S in conjunction with toxicological studies and
environmental surveys. The toxic effects of H2S are usually
observed at relatively high levels, nonphysiological levels (i.e.,
high mM to mM) and not observed at the physiological levels
(i.e., low mM) reported in the circulation and tissue. Toxic ef-
fects of inhaled H2S at high acute exposure levels or following
very chronic lower-level exposure include olfactory epithelial
cell toxicity and transient loss of olfaction, pulmonary in-
flammation, and toxicity, and effects on blood pressure and
cardiovascular responsiveness. There is also a clear neuro-
logical toxicity of inhaled H2S at very high doses involving
inhibition of glutamate reuptake, as well as inhibition of
monoamine oxidase. Very little is currently known regarding
the toxicity of H2S administered directly into the circulation
(i.e., intravenous injection) and the majority of studies have
reported robust cytoprotection in various models of cardio-
vascular diseases after administration of physiological or
low levels of H2S. Clearly, the development of H2S or H2S-
releasing agents as therapeutic agents for the treatment for
cardiovascular and other diseases requires a more detailed
understanding of the toxicological profile, as well as the
pharmacokinetics, distribution, metabolism, and mechanisms
of action.

Summary and Future Research Directions

The field of H2S studies has exploded during the past de-
cade. Consider that not too long ago, H2S was only thought of
as a noxious toxic gas produced in dangerous quantities pri-
marily under industrial and agricultural conditions. In fact,
the majority of previous H2S research was focused on the toxic
effects associated with exposures to excessive amounts of H2S.
With the relatively recent discovery that H2S is continuously
generated by a number of enzymes in mammals and modu-
lates a vast array of physiological processes, H2S is now
considered a highly important gaseous signaling molecule. A
direct result of this improved understanding of the physio-
logical properties of H2S is a growing interest in the use of H2S
to treat various disease states. As such, extensive work has
found that H2S is cytoprotective in various models of cellular
injury (7, 34, 44). The fields of H2S physiology and pharma-
cology have been very rapidly growing in recent years, but a
number of critical issues must be addressed to significantly
advance our understanding of the biology and clinical po-
tential of H2S in the future. At present there is a paucity of
information on the regulation of CBS, CGL, and 3MST under
normal physiological conditions and during various disease

states. It is unclear if these enzymes can be upregulated via
post-translational modifications to increase systemic levels of
H2S. It is also important to determine if the H2S-generating
enzymes are downregulated during the progression of car-
diovascular diseases and does the diminution of H2S promote
hypertension, atherogenesis, coronary artery disease, and
heart failure. Future studies should define the role of various
cardiovascular risk factors and disease states on enzymatic
synthesis of H2S and the effects of these alterations on the
severity of cardiovascular disease states. Some important in-
formation can also be gleaned from transgenic or iRNA ani-
mal models in which H2S enzymes have been deleted or
knocked down.

At present, there is also a dire need for highly potent and
specific inhibitors of CBS, CGL, and 3MST. All of the agents
currently used to inhibit these enzymes lack specificity, are
not potent, and do not easily enter into cells. The development
of specific and highly active pharmacological inhibitors of
these enzyme pathways are clearly required to further define
the role(s) of physiological production of H2S on a number of
organ systems. Gene targeted animals do provide some in-
sights, but these models do have significant limitations. The
combination of knockout animals and pharmacological in-
hibitors represents a very powerful approach to more fully
understand the biology of H2S.

The vast majority of agents including authentic H2S gas
that are currently utilized to augment endogenous H2S
levels are very short-acting agents that do not allow for
sustained H2S release in vivo; this represents a significant
limitation for the use of H2S therapy in chronic cardiovascu-
lar and other disease states. The development of long-lasting
H2S therapies as well as agents that promote prolonged ac-
tivation of the H2S generating enzyme systems may prove
highly beneficial for treatment of patients with chronic car-
diovascular diseases.

Given the very robust preclinical data regarding the cyto-
protective effects of H2S in various animal models of ische-
mia-reperfusion injury, it is very logical to consider the clinical
translation of H2S-based therapies for acute myocardial
infarction, stroke, and as an adjunctive therapy for trans-
plantation of various organs (i.e., liver and lung).

Clinical Translation of Hydrogen Sulfide Therapy

At present there are two clinical studies underway
(ClinicalTrials.gov) to investigate the potential safety and
effectiveness of H2S (administered in the form of sodium
sulfide). One trial will evaluate the safety of H2S therapy in
coronary artery bypass graft (CABG) patients to potentially
reduce the damage done to the heart during cardiac surgery.
A second clinical study will assess the pharmacokinetics of
sodium sulfide in healthy volunteers and in subjects with
varying degrees of impaired renal function. The study sub-
jects with receive a single intravenous infusion of Na2S for
3 h and then followed for a period of 7 days. The results of
these ongoing clinical trials and others will provide very
important insights into the potential clinical benefits of H2S
therapy and will certainly set the stage for the design of
additional clinical trials aimed at evaluating the cardiopro-
tective effects of H2S.

It is also very important to consider the potential toxic ef-
fects of H2S when considering the translation of the preclinical
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animal studies to patients that suffer from cardiovascular
disease. It is well appreciated that high concentrations of H2S
are very toxic and this may potentially limit the clinical use-
fulness of H2S in patients. At present, it is not clear how broad
the H2S therapeutic window is in most animal models sys-
tems or in patients and this must be established for scien-
tists and clinicians to move forward to the clinic. Furthermore,
it is also possible that patients suffering from various
chronic cardiovascular diseases with a number of risk factors
and ailments may not tolerate the same levels of H2S that
have been reported to be highly therapeutic in normal
healthy animals that are subsequently subjected to ischemia-
reperfusion injury or other insults.

Undoubtedly, the H2S field will continue to expand in the
coming years with the identification of new cellular signaling
targets, the development of novel agents to augment endog-
enous H2S levels (i.e., H2S donors), agents that modulate CGL
and CBS activity, a better understanding of the regulation of
H2S producing enzymes, novel transgenic mouse models
with altered H2S levels, as well as the identification of new
disease states to treat.

In summary, much like NO and CO, H2S has proven to be
an important cellular signaling molecule that possesses pro-
found cytoprotective effects. In fact, the efficacy of H2S in
providing these cytoprotective effects, especially in the heart,
has proven to be similar to that of NO. The exogenous ad-
ministration of both gasotransmitters has been shown to
protect against myocardial ischemia-reperfusion injury at
concentrations thought to be in the physiological range, and
studies have clearly shown that endogenous NO and H2S are
cardioprotective signaling molecules. Furthermore, the
mechanisms by which H2S and NO protect the heart are very
similar, with some differences. Clearly, the field of H2S is an
exciting area of research that will continue to grow in the
coming years and will challenge the way we view the role that
this gaseous signaling molecule plays in physiology and in
pathophysiology.
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Abbreviations Used

2-DOG¼ 2-deoxy-D-glucose
3MST¼ 3-mercaptopyruvate sulfurtransferase

CBS¼ cystathionine b-synthase
CGL or CSE¼ cystathionine g-lyase

CO¼ carbon monoxide
DADS¼diallyl disulfide
DATS¼diallyl trisulfide

GPx¼ glutathione peroxidase
GR¼ glutathione reductase

GST¼ gluatathione s-transferase
HO¼heme oxygenase
H2S¼hydrogen sulfide
IPC¼ ischemic preconditioning

KATP¼ATP sensitive Kþ channel
MPTP¼mitochondrial permeability

transition pore
NaHS¼ sodium hydrosulfide
Na2S¼ sodium sulfide

NO¼nitric oxide
NOS¼nitric oxide synthase
Nrf2¼nuclear factor-E2-related factor-2
PAG¼D,L-propargylglycine
RISK¼ reperfusion injury salvage cascade

STAT-3¼ signal transducer and activators
of transcription 3

Trx¼ thioredoxin
TrxR¼ thioredoxin reductase
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